The mormyrids are well known for their remarkable electrogenic and electrolocation capabilities and exceptionally large cerebellum that may account for much of their total oxygen consumption. Mormyrids living in oxygen-de®cient waters may use oxygen ef®ciently, protecting the brain from hypoxia damage; and/or brain size may be reduced. This study compares the TFL, gill lamellar density, gill lamellar area, total gill surface area, and brain size of two species of mormyrids from extremely hypoxic waters in Uganda (Gnathonemus victoriae and Petrocephalus catostoma) to two open-water species (Mormyrus kannume and Gnathonemus longibarbis) from the same region. In addition, interdemic variation was considered by comparing swamp populations of G. victoriae and P. catostoma to open-water populations of the same species. Total gill surface area of all species fell within the upper range for freshwater ®shes. However, there were both intraspeci®c and interspeci®c differences in gill characters. Interdemic comparisons showed larger gill size in swamp-dwelling populations. Brain size varied among species; larger brains were characteristic of species from well-oxygenated waters. Large gill surface area may permit survival of mormyrids in oxygen-stressed environments; however, mechanisms compensating for hypoxia seem to be inadequate to support a brain size as large as that seen in ®sh from well-oxygenated waters.
INTRODUCTION
The Mormyridae is one of the largest families of ®shes endemic to Africa with an estimated 208 species belonging to 18 genera (Gosse, 1984; Moller, 1995) . These ®shes are well known for their exceptionally large brains and have a higher brain weight to body weight ratio than do other ®shes (Franz, 1913; Nieuwenhuys & Nicholson, 1969) . The large brain size re¯ects the extraordinary hypertrophy of their cerebellum referred to as the`mormyrocerebellum' or`gigantocerebellum' (Franz, 1913; Nieuwenhuys & Nicholson, 1967 Nilsson, 1996) , a character that is probably related in part to their remarkable electrogenic and electroreceptive abilities (Lissmann, 1958; Hopkins, 1974 Hopkins, , 1977 Hopkins, , 1980 Moller, 1995) . Although the total energy expenditures of endothermic vertebrates are c. eight to 10 times higher than ectotherms of the same body size, Nilsson (1996) reported that the mass-speci®c energy expenditures of the brains of ectothermic and endothermic vertebrates are more similar. Thus, for mormyrids, the relative energetic cost of their brains should be high and comprise a large fraction of the whole-body oxygen consumption. In fact, Nilsson (1996) found that in Gnathonemus petersii, the brain accounts for c. 60% of the total oxygen consumption, a larger fraction than reported for any other vertebrate species. Nilsson (1996) also found G. petersii to be very tolerant of low oxygen levels despite the high energetic cost of its brain, and suggested that the ability of mormyrids to use oxygen ef®ciently under extreme hypoxia and regulate oxygen uptake at low ambient levels may be important in protecting the brain from hypoxia damage.
Although many mormyrids live in well-oxygenated river waters (Hopkins, 1986) , there are some species that inhabit dense wetlands where dissolved oxygen concentrations can be chronically low (Chapman & Chapman, 1998) . For example, both Petrocephalus catostoma Gunther, 1866, and Gnathonemus victoriae Worthington, 1929 disappeared from Lake Nabugabo, Uganda coincident with the introduction of the predatory Nile perch Lates niloticus. However, remnant populations of both species remain in extremely hypoxic lagoons of the fringing Lwamunda Swamp Chapman, Chapman, Ogutu-Ohwayo et al., 1996; Chapman & Chapman, 1998) . Comparative studies on the hypoxia tolerance strategies of mormyrids are lacking. However, P. catostoma from the Lwamunda Swamp has a relatively low metabolic rate, a low critical oxygen tension, exhibits ef®cient use of aquatic surface respiration, and has a large gill surface averaging 74% of the range of freshwater ®shes (Chapman & Chapman, 1998) . Other lakedwelling species may encounter periodic hypoxia during benthic feeding bouts in deeper waters (Okedi, 1972) , but exposure to extreme hypoxia would be much less severe than for swamp inhabitants. Strong selection pressure for low-oxygen tolerance in dense swamps may lead to inter-and intraspeci®c differences in characters related to oxygen-uptake capacity and/or brain size between swamp and open-water mormyrids.
The objective of this study was to compare gill morphometry and brain size among four species of mormyrids from sites with different oxygen regimes and between populations of two species from low-and highoxygen sites. We also compared total gill surface area (TGA) and brain size of these four mormyrid species to literature review values for other freshwater ®shes. We selected gill size as a key character because of the importance of gill surface area to oxygen-uptake capacity and the large gill surface area observed in swampdwelling P. catostoma. We predicted that mormyrids from hypoxic sites would have larger gills than ®sh from well-oxygenated sites, and/or that ®sh from hypoxic waters would exhibit a smaller brain size than ®sh from well-oxygenated sites. For our interspeci®c comparison we focused on two species (Mormyrus kannume Forsk, 1775 and Gnathonemus longibarbis Hilgend, 1888) collected from well-oxygenated sites and populations of two species collected from hypoxic swamp waters (Petrocephalus catostoma and Gnathonemus victoriae). To our knowledge, the ®rst two species do not inhabit the dense interior of hypoxic swamps, although they may experience periodic hypoxia during benthic feeding bouts. The latter two species have a broader habitat distribution that includes extremely hypoxic swamps and the open waters of lakes and rivers. For interdemic comparisons we compared open-water populations of G. victoriae and P. catostoma to the swamp-dwelling specimens from the interspeci®c study.
METHODS

Study site and species
Petrocephalus catostoma is a small mormyrid that reaches 12 cm total length (TL) with a scattered but wide distribution in East, Central, and South Africa. It feeds primarily on insects from both the bottom (e.g. chironomid and ephemeropteran larvae) and from marginal vegetation (e.g. chaoborids, Corbet, 1961; Okedi, 1972) . Gnathonemus victoriae is known only from lakes of the Lake Victoria basin and the Victoria Nile. It reaches an adult size of 22 cm (TL) and feeds on bottom-dwelling insects, primarily chironomid and ephemeropteran larvae (Corbet, 1961; Greenwood, 1966; Okedi, 1972) . Gnathonemus longibarbis is known only from lakes Victoria, Kyoga, and Nabugabo. Sexually mature individuals are between 23 and 26 cm TL (Greenwood, 1966) . Their diet is dominated by bottomdwelling insects particularly chironomid larvae, odonate larvae, and polymitarcid larvae (Corbet, 1961; Okedi, 1972) . Mormyrus kannume is a larger species, with adult ®shes usually ranging between 40 and 60 cm TL. It has a broad range that includes lakes Victoria, Kyoga, Albert, Edward, and George, and the whole Nile River as far vF tF ghpmn nd uF qF rulen 462 north as the delta (Greenwood, 1966) . Mormyrus kannume also feeds predominantly on insect larvae, particularly chironomids (Corbet, 1961; Greenwood, 1966) . Gnathonemus victoriae and P. catostoma were collected from a series of swamp lagoons in the Lwamunda Swamp, an extensive wetland (dominated by Miscanthidium violaceum) surrounding Lake Nabugabo (24 km 2 ), Uganda, a small satellite lake of the larger Lake Victoria (Fig. 1) . In repeat surveys of 12 lagoons (and associated tributaries) in 1995 to 1998 we found P. catostoma and G. victoriae to be abundant in one lagoon and its tributary and present in a nearby chain of lagoons in the Lwamunda Swamp, located c. 3 km from the open waters of Lake Nabugabo. Oxygen levels in the lagoons show nocturnal reduction (Chapman & Chapman, 1998) , but even peak values during the day are low, averaging 0.93 mg l 71 (Fig. 2) . Fish from the Lwamunda Swamp were captured with small minnow traps and dip nets.
Lakes Kayanja (& 1.2 km 2 ) and Lake Manywa (& 0.2 km 2 ) are small lakes near Lake Nabugabo (Fig. 1) that contain a fauna similar to Lake Nabugabo, but have no introduced Nile perch. These lakes, therefore, still have open-water populations of G. victoriae and P. catostoma. Gnathonemus victoriae are more abundant in Lake Kayanja, and P. catostoma are more abundant in Lake Manywa. Gnathonemus victoriae were collected from Kayanja, and P. catostoma were collected from Lake Manywa using 30-m experimental gill nets (4 panels, 25.4 mm, 50.8 mm, 76.2 mm, 101.6 mm, stretched mesh). Dissolved oxygen (DO) levels in Lake Kayanja are high in the open waters (surface values of 7 mg l 71 ), and the lake seems to be well mixed (Fig. 2) . Lake Manywa is surrounded by a dense papyrus and Miscanthidium wetland (c. 700 m), and seepage through the fringing swamp produces lower open-water oxygen conditions. We recorded an open-water DO level of 4.3 mg l 71 at midday; and found no evidence of strati®-cation (Fig. 2) . Both lakes Manywa and Kayanja show little diel variation in dissolved oxygen concentration. Gnathonemus longibarbis also disappeared from the open waters of Lake Nabugabo after the introduction of Nile perch and was never found in the Lwamunda Swamp during our extensive surveys. However, over®shing of the Nile perch has coincided with the resurgence of some species of indigenous ®shes including this mormyrid, which may have survived in small pockets within the main lake. Gnathonemus longibarbis were collected from the mouth of the Juma River, the major in¯ow into Lake Nabugabo, using experimental gill nets, and a few ®sh were purchased from ®shermen who had also captured them with gill nets at this site. Olowo (1998) recorded mean oxygen levels of 9 mg l
71
in the surface open waters of the Lake Nabugabo at midday and 5 mg l 71 in the early morning and found little vertical variation in DO. At the ecotone where G. longibarbis were collected, dissolved oxygen levels were slightly lower (6.8 mg l 71 ) at the surface and 6.0 mg l 71 near the bottom. Mormyrus kannume were collected from a fast-¯owing section of the Nile River below the Owen Falls dam near Jinja, Uganda. In a similar habitat above the dam, Namulemo (1999) recorded oxygen levels of 9.1 mg 71 at the surface and 8.6 near the bottom (Fig. 2) . Captured ®sh were anaesthetized with M.S. 222 and preserved in paraformaldehyde (35 g l 71 ).
Gill morphometry and brain size
Total gill ®lament length (TFL) was measured using standard methods modi®ed after Muir & Hughes (1969) and Hughes (1984) . For each ®sh, the branchial basket was removed, and the 4 gill arches from the left side of the basket were separated. For each hemibranch of the gill arches, the length of every ®fth gill ®lament was measured. Two successive measurements along a hemibranch were averaged and multiplied by the number of ®laments in the section between the 2 ®laments. Filament lengths were summed for the 4 hemibranchs and multiplied by 2 to produce an estimate of TFL. Lamellar density was measured in the dorsal, middle, and ventral parts of every tenth ®lament of the second gill arch on the left side. The total number of lamellae (on 1 side of the ®lament) and average lamellar density (ALD) were estimated using a weighted mean method that takes into account the difference in length of different ®laments (Muir & Hughes, 1969; Hughes & Morgan, 1973) . For every tenth or twentieth ®lament (depending on the number of ®laments), the length of the secondary lamellae were measured a number of times over the ®lament (Galis & Barel, 1980) . Lamellar height was also measured on specimens where it could be accurately 463 Brain size and gill size in mormyrid ®shes ) at sites where mormyrids were collected in Uganda for measurements of brain size and gill size. Lwamunda Swamp, June 1996 (from Chapman & Chapman, 1998) ; Lakes Manywa and Kayanja, May 1996; Lake Nabugabo, July 1998; Nile River near the Owen Falls dam over 1 year (from Namulemo, 1999) . Surface values were measured in the top 20 cm of water, and bottom values were measured in the water column above the sediment.
determined. Average values of these characters for each ®lament were converted to estimates of lamellar area using a regression determined through the dissection of 30±60 lamellae from various sections of the second gill arch from 2 or more specimens from each population. The sum of the total lamellar area for all sections of the second arch was divided by the total number of lamellae and multiplied by 2 to produce a weighted average bilateral surface area on 1 side of the ®lament (ALA). TGA was determined using the formula: TGA = TFL626ALD6ALA. For a few specimens, the gills were contaminated with a high silt load or were cloudy, Table 1 . Summary of linear regression analyses (a = intercept, b = slope) between four gill morphological characters (total gill ®lament length, cm (TFL), lamellar density, no. per mm (ALD), bilateral lamellar area, mm 2 (ALA), and total gill surface area, cm 2 (TGA)) and body weight (g), for four mormyrid species (Mormyrus kannume, Gnathonemus longibarbis, Gnathonemus victoriae, and Petrocephalus catostoma) collected from sites in Uganda. For G. victoriae, and P. catostoma, regression data are presented for both open-water and swamp-dwelling populations. Both gill characters and body weight were log 10 transformed. For each group, the number of individuals, mean body weight (range), and mean gill character size (range) are presented. Values of gill characters for a 1, 10, and 100 g ®sh are given based on regressions that were signi®cant (P < 0.05) or marginally signi®cant (P < 0.10) and we could not determine lamellar density and area. For these, we calculated only TFL. The number of specimens examined for each group ranged from 4 to 12 for TFL and 6 to 9 for both lamellar density and TGA (Table 1) . Gill morphometric values for P. catostoma were derived from Chapman & Chapman (1998) . Subsequent to the gill morphological analyses, the brains were removed, blotted, and weighed (wet weight). The brain was severed from the spinal cord near the base of the valvula cerebelli. The intraspeci®c brain± body weight allometric coef®cient in teleost ®shes differs from the interspeci®c one; small juveniles have a larger brain relative to total weight than adults (Bauchot, Diagne & Ridet, 1979; Bauchot, Randall et al., 1989; Ridet & Bauchot, 1990 ). We therefore tried to limit our analyses to larger juveniles and adults.
Analysis of covariance (ANCOVA) was used to compare gill characters, and brain size among the 4 species of mormyrids and between swamp and openwater populations of P. catostoma and G. victoriae with body weight (total weight of preserved specimens) as the covariate. Both variables were log 10 transformed. Adjusted means (sample means adjusted for a common mean body weight and a common regression line) were calculated from the ANCOVA analysis, and the a posteriori Sidak test was used to test for signi®cant differences between pairs of sites. It has been recommended that the reduced major axis method be applied to structural relationships such as those presented in this paper (Ricker, 1984; McArdle, 1987) . However, we have used the ordinary least squares regression, because we have no reason to believe that the error rate of the x variable (body weight) is more than a third that of the y variable (gill characters and brain size) (McArdle, 1987) . In addition, many of the signi®cant regressions have correlation coef®cients > 0.9 (with the exception of lamellar density), which means that there will be little difference between the lines produced by the 2 different methods, because the slope of the reduced major axis is simply calculated as the slope of the ordinary least squares regression line divided by the correlation coef®cient r and has the sign of r (Ricker, 1984; McArdle, 1987) .
RESULTS
Gill morphometry
To examine whether swamp-dwelling mormyrids differ in gill morphometry from open-water species, we compared TFL, lamellar density, lamellar area, and TGA between two open-water species (M. kannume, G. longibarbis) and the swamp-dwelling populations of P. catostoma and G. victoriae. For all four species, TFL was positively correlated with body size (Table 1) . ANCOVA indicated heterogeneous slopes (F = 4.07, P = 0.014); which was owing to the steeper slope of the open-water G. longibarbis (Table 1, Fig. 3 ). Among the other three species (swamp P. catostoma, swamp G. victoriae, and open-water M. kannume), there was no difference in the slopes of the relationships of TFL and body weight (F = 2.28, P = 0.122); however, the intercepts were signi®cantly different (F = 47.26, P < 0.001). For a ®sh of a given body weight, TFL was larger in the swamp population of G. victoriae (adjusted mean TFL = 309.7 cm for a body weight of 12.86 g) than in both the swamp population of P. catostoma (adjusted mean TFL = 234.4 cm) and the open-water population of M. kannume (adjusted mean TFL = 241.5 cm, Sidak test, P < 0.05). Heterogeneous slopes precluded statistical comparisons between the open-water G. longibarbis and the other three species; however, we used the regression line for G. longibarbis to predict the TFL for a ®sh of 1, 10, and 100 g (Table 1 ). Predicted TFL of G. longibarbis falls below the swamp-dwelling species for ®sh 1 g and 10 g of size and below swamp-dwelling G. victoriae for a ®sh 100 g in size.
For TFL we also compared swamp and open-water populations of P. catostoma and G. victoriae. In both open-water and swamp populations of G. victoriae, TFL was positively correlated with body size (Table 1) . There was no difference in the slopes of the relationships of TFL and body weight between the swamp and openwater populations of G. victoriae (F = 0.16, P = 0.696), or in the intercepts (F = 0.38, P = 0.545). Because the body size range was small for P. catostoma from Lake Manywa, there was no relationship between TFL and body weight (Table 1) . For P. catostoma, ANCOVA indicated larger adjusted mean TFL in swamp-dwelling ®sh (115.6 cm for a body weight of 2.6 g) than in the open-water group (90.8 cm, slopes: F = 1.98, P = 0.190; intercepts: F = 13.55, P = 0.004). However, given the small range in body size for the open-water ®sh, it is possible that a larger size range would alter this relationship, and these results should be treated with caution.
ALD was negatively related to body size in both G. longibarbis and the swamp-dwelling population of G. victoriae, but showed no signi®cant relationship with Log total body weight (g) Fig. 3 . Bilogarithmic plot of total gill ®lament length (cm) and body weight (g) for two species of mormyrids collected from well-oxygenated waters (Mormyrus kannume, Nile River; Gnathonemus longibarbis, Lake Nabugabo) and two species collected from the extremely hypoxic waters of the Lwamunda Swamp (Gnathonemus victoriae and Petrocephalus catostoma).
body size in M. kannume or P. catostoma ( catostoma. ANCOVA indicated heterogeneity of slopes which could not be attributed to one particular species (F = 7.461, P = 0.001), and we did not proceed further with the analyses. Lamellar density estimates were not calculated for the open-water population of P. catostoma because of the poor clarity of the gills. For swamp-dwelling G. victoriae, there was no difference in the slopes of the relationships between lamellar density and body size (F = 0.851, P = 0.376); and there was no difference in the intercepts (F = 0.299, P = 0.594), indicating no signi®-cant difference in adjusted mean lamellar density between the two populations.
Average lamellar area (ALA) was positively correlated with body size in G. longibarbis and swampdwelling G. victoriae, and there was a marginally signi®cant correlation in M. kannume (Table 1) . ANCOVA indicated heterogeneity among the slopes (F = 4.643, P = 0.010); however, when we removed P. catostoma from the analyses; the slopes of the relationships for the other three species were not signi®cantly different (F = 2.886, P = 0.082). Among M. kannume, G. longibarbis, and swamp-dwelling G. victoriae, there was no difference detected in adjusted mean lamellar area (F = 0.901, P = 0.422).
Average lamellar area differed among swamp and open-water populations of G. victoriae. For both populations, ALA was positively correlated with body size (Table 1) . However, the adjusted mean lamellar ALA was larger in swamp-dwelling G. victoriae (0.048 mm 2 for a body weight of 15.56 g) than in open-water ®sh (0.035 mm 2 , slopes: F = 0.760, P = 0.404; intercepts: F = 13.508, P = 0.004; Table 1 ).
In all four species (swamp G. victoriae, swamp P. catostoma, open-water M. kannume, open-water G. longibarbis) TGA was positively correlated with body size (Table 1, Fig. 4) . ANCOVA indicated heterogeneity among the slopes (F = 4.330, P = 0.014), which was again owing to the steeper slope of G. longibarbis (Fig. 4) . Among the other three species (P. catostoma, G. victoriae, and M. kannume), there was no difference among the slopes of the relationships of TGA and body weight (F = 0.492, P = 0.619); however, the intercepts were signi®cantly different (F = 10.127, P = 0.001). For a ®sh of a given body weight, TGA was larger in the swampdwelling population of G. victoriae (adjusted mean TGA = 88.31 cm 2 for a body weight of 15.0 g) than in the swamp-dwelling population of P. catostoma (adjusted mean TGA = 62.23 cm 2 , Sidak test, P = 0.001). There was no difference in TGA between the open-water M. kannume (adjusted mean TGA = 97.95 cm 2 ) and G. victoriae (Sidak test, P = 0.931). In addition, there was no difference detected in TGA between M. kannume and P. catostoma (Sidak test, P = 0.202) even though the absolute difference was larger than between G. victoriae and P. catostoma. This may re¯ect the higher variance in the TGA estimates for M. kannume than for G. victoriae. Heterogeneous slopes precluded statistical comparisons between G. longibarbis and the other three species; however, we used the regression line for G. longibarbis to predict the TGA for a ®sh of 1, 10, and 100 g. Predicted TGA in G. longibarbis was lower than in the three other species at 1 g and 10 g, and higher at 100 g, re¯ecting the steeper slope of the relationship.
TGA also differed among swamp and open-water populations of G. victoriae. For both populations TGA was positively correlated with body size (Table 1) . However, the adjusted mean TGA was larger in swampdwelling G. victoriae (95.50 cm 2 for a body weight of 15.6 g) than in open-water ®sh (69.92 cm 2 , slopes: F = 0.510, P = 0.491; intercepts: F = 9.123, P = 0.012; Fig. 5 ). Palzenberger & Pohla (1992) reviewed the literature on gill morphometry of ®shes. From their data set for 28 non-air-breathing freshwater species, they extracted the mean slope of signi®cant regressions for gill morphometric parameters and body weight. They set the lowest and highest mean values within each parameter range to 0% and 100%, respectively, to create a range of values for each gill character. This permitted them to express the values of a species as a percentage within the range of values for freshwater ®shes. Their parameter estimates for TGA were used to estimate the mean TGA for each mormyrid species and population expressed as a percentage of freshwater ®shes. For all four species, TGA fell within the upper range for freshwater ®shes (M. kannume: 62.0 0.03%, se; G. longibarbis: 68.5 0.03%; swamp-dwelling G. victoriae: 83.9 0.02% and swamp-dwelling P. catostoma: 73.9 0.03%). However, %TGA was higher in swamp-dwelling G. victoriae and P. catostoma than in M. kannume and higher in swamp-dwelling G. victoriae than in G. longibarbis (ANOVA, F = 10.752, P < 0.001, Scheffe, P < 0.05). These results differ from the ANCOVA analysis on TGA. This may re¯ect a difference in the mean slope derived from Palzenberger & Pohla's general equation for 28 species of freshwater ®shes and the pooled slope derived from the mormyrids in the analysis of covariance.
TGA expressed as a percentage of freshwater ®shes also differed between G. victoriae populations. Per cent TGA was higher in swamp-dwelling G. victoriae (68.5%) than in the open-water population (56.2 0.03%, t-test, t = 7.951, P < 0.001).
Brain weight
In all four species used for the interspeci®c comparison (swamp G. victoriae, swamp P. catostoma, open-water M. kannume, open-water G. longibarbis) brain weight was positively correlated with body size (Table 2) . ANCOVA indicated heterogeneity among slopes (F = 5.10, P = 0.006); which was due largely to the lower slope of P. catostoma (Fig. 6) . Among the other three species (G. longibarbis, G. victoriae, and M. kannume), there was no difference in the slopes of the relationships of brain weight and body weight (F = 0.50, P = 0.615); however, the intercepts were signi®cantly different (F = 8.05, P = 0.002). For a ®sh of a given body weight, brain weight was smaller in the swamp population of G. victoriae (adjusted mean brain weight = 0.54 g for a body weight of 33.6 g) than in both the open-water species (G. longibarbis: adjusted mean brain weight = 0.68 g; Mormyrus kannume: adjusted mean Table 2 . Summary of linear regression analyses (a = intercept, b = slope) between brain weight (g) and body weight (g) for four mormyrid species (Mormyrus kannume, Gnathonemus longibarbis, Gnathonemus victoriae and Petrocephalus catostoma) collected from sites in Uganda. For G. victoriae and P. catostoma, regressions are presented for both open-water and swamp-dwelling populations. Both brain weight and body weight were log 10 transformed. For each group, the number of individuals, mean body weight (range), and mean brain weight (range) are presented. Estimated values of brain weight for a 1, 10, and 100 g ®sh based on regressions are given where regressions were signi®cant (P < 0.05) Fig. 6 . Bilogarithmic plot of brain weight (g) and body weight (g) for two species of mormyrids collected from welloxygenated waters (Mormyrus kannume, Nile River; Gnathonemus longibarbis, Lake Nabugabo) and two species collected from the extremely hypoxic waters of the Lwamunda Swamp (Gnathonemus victoriae and Petrocephalus catostoma).
brain weight = 0.89 g, Sidak test, P < 0.05, Fig. 6 ). Heterogeneous slopes precluded statistical comparisons between P. catostoma and the other three species (Fig. 6) ; however, we used the regression line for P. catostoma to predict the brain size for a ®sh 1, 10, and 100 g in body weight. The predicted brain size for P. catostoma based on the regression line falls below the other three species (Table 2) . Ridet & Bauchot (1990) present brain and body weight data for 72 species of teleost ®shes. They suggested that the low encephalization level of large species makes the use of a quadratic curve preferable to a linear curve proposed in earlier studies. However, in developing the best-®t quadratic curve for the species presented in their study using the data presented in their paper, we found that the quadratic term was not signi®cant. We therefore ®tted a linear curve to the same data set which yielded the following equation: log brain weight = 0.609(log body weight) 71.932 (F = 299.50, P < 0.001, r 2 = 0.811). Again, we used ordinary least squares regression; the slope using the reduced major axis method would be 0.676. We then compared our data to the teleost data set by plotting the brain weight for each group at the mean body weight of the group relative to the teleost curve (Fig. 7) . This brain weight at mean body weight was determined using the brain±body weight regression for each species with the exception of P. catostoma from Lake Manywa where we used the mean brain and body weight for the group. All four species fell well above the curve for teleost ®shes (Fig. 7) . Mormyrus kannume and G. longibarbis fell higher above the curve than swamp-dwelling G. victoriae. All three species fell higher above the curve than swampdwelling P. catostoma.
For brain weight we also compared swamp and open-water populations of P. catostoma and G. victoriae. In the open-water population of G. victoriae, brain weight was positively correlated with body size. The small sample size and body size range precluded detection of a relationship in P. catostoma (Table 2) . ANCOVA indicated no difference in the slopes of the relationships of brain weight and body weight for the swamp and open-water populations of G. victoriae (F = 0.32, P = 0.582), or in the intercepts (F = 0.80, P = 0.384; Fig. 8a ), indicating no signi®cant difference in brain size between the two populations. However, for P. catostoma, ANCOVA indicated larger adjusted mean brain weight in open-water ®sh (0.11 g for a body weight of 2.8 g) than in the swamp-dwelling population (adjusted mean brain weight = 0.06 g; slopes: F = 0.611, P = 0.451; intercepts: F = 67.998, P < 0.001; Fig. 8b ). However, given the small range in body size for the open-water ®sh, it is possible that a larger size range would alter this relationship, and these results should be treated with caution. Open water populations of the G. victoriae and P. catostoma also fell above the standard curve for teleost ®shes (Fig. 7) . The residual for G. victoriae from Lake Kayanja was similar to the swamp-dwelling population; however, for P. catostoma, the residual for the swamp-dwelling group was larger than in the openwater group (Fig. 7) .
DISCUSSION
For mormyrids, the energetic cost of their brains should be high and comprise a large fraction of their total oxygen consumption relative to other ectotherms and endotherms of similar body size. Because of the sensitivity of the vertebrate brain to hypoxia; the ability of mormyrids to use oxygen ef®ciently under extreme hypoxia and regulate oxygen uptake at low ambient PO 2 may be very important in protecting their brains from hypoxia damage (Nilsson, 1996) . Therefore, in dense swamps strong selection pressure for low-oxygen tolerance may lead to diversi®cation within and among species in characters related to oxygen-uptake and/or brain size.
Our interspeci®c comparison of TGA showed all four species to have a relatively large TGA, falling in the upper range for freshwater ®shes. TGA was very high in the swamp-dwelling G. victoriae, which may re¯ect a requirement of their hypoxic environment; however, the gill surface area of ®shes is assumed to correlate with the ratio of metabolic oxygen demands to the oxygen content of their environment (Palzenberger & Polha, 1992) . Given the high energetic cost of the brain (60% of total oxygen consumption in G. petersii; Nilsson, 1996) , whole-body oxygen consumption might be expected to be high relative to other ectotherms. However, Chapman & Chapman (1998) found that the metabolic rate of P. catostoma is low, averaging only 35% of the expected values for freshwater ®shes based on Winberg's (1961) standard curve. Similarly, the total metabolic rate of G. petersii averages c. 47% of the predicted values based on the standard curve for freshwater ®shes (Nilsson, 1996) . The TGA of swamp-dwelling P. catostoma was smaller than the TGA of swamp-dwelling G. victoriae but was still relatively high, averaging 74% of the range for freshwater ®shes. Given its relatively low routine metabolic rate, the large gill surface area may re¯ect a requirement of the environment rather than a high activity level. This is supported by interdemic variation in this species. Although we were unable to measure TGA for open-water P. catostoma, our results suggest that swamp-dwelling ®shes have a longer TFL than open-water ®sh. We do not know the whole-body oxygen consumption of G. victoriae, but differences in gill surface area between the swamp and open-water populations suggest that a large gill surface area in the swamp may re¯ect the hypoxic conditions therein.
Relatively large gill size in M. kannume (62% of the range for freshwater ®shes) and G. longibarbis (69% of the range for freshwater ®shes) may re¯ect a metabolic requirement, but may also be important in protecting the brain from hypoxia damage. Although both species were captured from well-oxygenated open waters and do not experience chronic severe hypoxia, Okedi (1972) suggested that these lake-dwelling mormyrids may withstand low oxygen tensions on a periodic basis because of their benthic feeding activities during which they may probe in deoxygenated mud. In Lake Nabugabo, there is little strati®cation of the water column, however, the bottom mud is extremely hypoxic. Therefore, foraging G. longibarbis may experience transient hypoxia during benthic feeding bouts. For this study, M. kannume were captured from the Nile River, but ®sh from this population may move into the main waters of Lake Victoria where hypoxic sediments would be encountered during foraging activities. Fish (1956) found that the haemoglobin content of the blood of M. kannume from Lake Albert was high, and oxygen dissociation curves indicated high tolerance to low oxygen conditions. Given the potentially high energetic costs of large brain size in mormyrids, even periodic exposure to hypoxia may demand a high oxygen uptake capacity.
Data on the active and routine metabolic rates in addition to the metabolic cost of electric organ discharge of these species will be necessary to fully understand the interaction of gill size, metabolic rate, and oxygen availability. In G. petersii, Nilsson (1996) found that discharge frequency of the electric organ was maintained at a relatively constant rate down to its critical oxygen tension which was very low (0.9 mg l 71 at 26 8C), after which electric organ discharge was rapidly depressed. A decrease in electric organ discharge rate may reduce energetic costs and contribute to persistence under extreme hypoxia. Crampton (1998) examined the effects of hypoxia on the distribution, respiratory strategies, and electric signal diversity of 64 species of gymnotiforms, an unrelated group of electric ®shes in the Amazon basin. Although their brain size is smaller than the mormyrids, the gymnotiforms also have large brains relative to other freshwater ®shes (Albert et al., 1999) . He found evidence to suggest that the energetic constraints imposed by hypoxic habitats may in¯uence signal properties.
Intraspeci®c differences in gill morphological characters have been documented in several species (Palzenberger & Pohla, 1992) . Chapman, Chapman, Brazeau et al. (1999) compared the gill ®lament length of a small African cyprinid, Barbus neumayeri, among a papyrus swamp and several tributaries that differ in oxygen regime. TFL differed among sites and was negatively related to dissolved oxygen availability, supporting strong selection pressure for low-oxygen tolerance in the swamp interior. Chapman, Galis & Shinn (2000) also found differences in gill size among populations of the African cichlid, Pseudocrenilabrus multicolor victoriae. In the ®eld, they compared a population of a stable hypoxic habitat with one of a stable well-oxygenated habitat. In the laboratory, they compared individuals from the same mother raised under hypoxic or normoxic conditions. Swamp-dwelling P. multicolor victoriae had a greater TGA because of their larger gill ®lament length and greater lamellar area. In the plasticity experiment, TGA was bigger in the hypoxic group because of a larger number of longer ®laments (Chapman, Galis et al., 2000) . Although it is very dif®cult to obtain accurate measurements of lamellar area, studies of both P. multicolor victoriae and G. victoriae suggest that this character may vary among populations. TFL is a relatively easy character to measure with good resolution. Interdemic variation in this character seems to be quite common among the African ®shes that we have studied and may relate, at least in part, to dissolved oxygen availability. However, other characters, such as conductivity may also be very important in contributing to interdemic variation in gill morphometry. Future studies that include measurement of morphometric diffusing capacity (Kisia & Hughes, 1992) , which is a good value summarizing the overall adaptation of a gas exchange surface, will be very useful in understanding more fully the response of mormyrid gills to hypoxia stress.
Brain size in all four species fell well above a standard curve for freshwater ®shes derived from data presented by Ridet & Bauchot (1990) . This concurs with the study of diversity in brain size of 1174 ®shes in 45 orders by Albert et al. (1999) . They found that among teleost ®shes, osteoglossomorphs had the largest relative brain size. Their data on osteoglossomorphs included one mormyrid and three osteoglossids. Among the four species considered in our interspeci®c comparison, brain size was larger in the two open-water species M. kannume and G. longibarbis than in the swampdwelling populations of G. victoriae and P. catostoma. Interdemic comparisons also suggest that hypoxia may in¯uence brain size. In G. victoriae, TGA was higher in the swamp-dwelling population than in the open-water population. This suggests that the large gill surface area of the swamp population may permit suf®cient oxygen uptake capacity to support a large brain size although not as large as that seen in the two other open-water species. Although we were unable to measure TGA for the open-water specimens of P. catostoma, we did ®nd evidence of a larger TFL in the swamp-dwelling population. Our measurements of brain size suggest a smaller brain size in the swamp-dwelling population. Oxygen uptake capacity may be insuf®cient to maintain a large brain size under the extreme hypoxia characteristic of the Lwamunda Swamp. In P. catostoma, TGA of the swamp-dwelling population was large relative to the range for freshwater ®shes, but smaller than in the swamp-dwelling G. victoriae. Further increase in gill surface area may be limited by functional morphological constraints (e.g. the short, blunt head of P. catostoma relative to the elongated head of G. victoriae), or other mechanisms for maximizing oxygen-uptake ef®ciency (e.g. high haemoglobin) may differ between the two species.
Several other characters not considered directly in this study may contribute to variation in brain size and morphology among species and populations of teleost ®shes including phylogeny, body form and locomotion, food habits, predator avoidance, habitat, and sensory aspects (Bauchot, Bauchot et al., 1977; Bauchot, Randall et al., 1989; Huber & Rylander, 1992; Huber, et al., 1997) . The correlation between relative brain sizes and phylogenetic position is weak. In their examination of encephalization in tropical teleost ®shes, Bauchot, Randall et al. (1989) found a a tendency for more advanced ®shes to have larger brains; however, the trend was obscured by high values in some primitive groups and low values in some advanced groups. In addition, Bauchot, Randall et al. (1989) did not include mormyrids or any other osteoglossomorphs in their analysis. In their study of encephalization in Gobioidei, found a lower level of encephalization in elongate ®shes that they attributed to the excessive mass of their body skeleton. In addition, they noted that many elongate ®shes use anquilliform locomotion, a primitive form of locomotion, which may be re¯ected in a smaller part of the brain devoted to locomotory information. Bauchot, Randall et al. (1989) reported a similar ®nding in their study of 737 species of tropical teleosts as did Albert et al. (1999) in their review of 1174 ®sh species. Albert et al. (1999) noted that elongate ®shes that do not use anguilliform locomotion do not possess relatively smaller brains. Among the four mormyrid species that we studied the most elongate body forms (G. longibarbis and M. kannume) showed a higher rather than lower level of encephalization. Bauchot, Randall et al. (1989) found that species of larger size within genera of tropical teleosts tend to have lower encephalization indices, which they attributed, at least in part, to larger ®shes having less fear of predators. Among the four species of mormyrids that we studied, lower encephalization was generally more characteristic of the smaller-sized rather than largersized species and populations. Fishes that avoid predation in a passive way (e.g. crypticity, venom, etc.) seem to be characterized with lower encephalization indices than species which actively avoid predation by detection and ®nding shelter or¯eeing (Bauchot, Bauchot et al., 1977; Bauchot, Randall et al., 1989) . Mormyrids are inactive in the daytime, and thus may avoid daytime predators by remaining inactive and seeking refuge sites. However, they are prey to some larger ®shes, such as the Nile perch, that are most active during the crespuscular periods and during the night; and predator detection and avoidance may be metabolically expensive during these periods for all four species. Fishes that employ several senses to locate food tend to exhibit a high level of encephalization (Bauchot, Randall et al., 1989) . The mormyrids that we studied have very similar food habits foraging primarily on benthic invertebrates that they locate primarily through probing the bottom sediments. It is unlikely that variation in food habits among these species accounts for the variation in brain size observed. Bauchot, Randall et al. (1989) suggested that a higher level of neural differentiation would be expected for active ®shes in complex habitats of high diversity than in less complex habitats such as mud or sand¯ats.
The swamp-dwelling ®shes in our study probably deal with the most complex habitat in terms of structural diversity, but exhibited lower levels of encephalization than the two open-water species. Thus, the environmental and body form characters proposed to account for variation in brain size among teleosts do not seem to account for the variation in brain size observed in the mormyrids in this study. Differences in levels of oxygen availability may account for the patterns observed; however, other factors not considered, such as interspeci®c differences in electric communication systems, may also be signi®cant.
Hypoxia tolerance may be critical to the survival of some mormyrids in the Lake Victoria basin. Petrocephalus catostoma, G. victoriae, G. longibarbis, and a fourth mormyrid species, Marcusenius nigricans, disappeared from Lake Nabugabo coincident with introduction of Nile perch (Ogutu-Ohwayo, 1993; Chapman, Chapman, Ogutu-Ohwayo et al., 1996) ; however, G. victoriae and P. catostoma have persisted in small wetland lagoons separated from the main lake by a few kilometres of fringing swamp. Nile perch are relatively intolerant of hypoxia (Fish, 1956; Scho®eld & Chapman, 2000) and do not inhabit the dense interior of papyrus and Miscanthidium swamps Chapman, Chapman, Ogutu-Ohwayo et al., 1996; Scho®eld, 1997) . Therefore, species that can withstand extreme hypoxia and inhabit these dense wetlands are protected from predation by Nile perch.
In summary, a large gill surface area and other mechanisms to maximize oxygen uptake ef®ciency may permit survival of some mormyrids in oxygen-stressed environments. However, our study suggests that mechanisms compensating for hypoxia may be inadequate to support a brain size as large as that seen in mormyrids from well-oxygenated waters. Future comparative studies on a broader suite of mormyrids from sites that differ in oxygen regime will be critical to understanding the interaction between brain size and habitat use in this family.
